A robust unsteady turbulent compressible combustion modeling capability developed in a CFD solver called Loci-STREAM is presented in this paper. It utilizes the flamelet methodology extended to account for compressibility. This solver integrates proven numerical methods for generalized grids and state-of-the-art physical models in a rule-based programming framework called Loci which allows: (a) seamless integration of multidisciplinary physics in a unified manner, and (b) automatic handling of parallel computing. The objective is to be able to routinely simulate unsteady combustion in complex geometries such as liquid rocket engines requiring large unstructured grids and complex multidisciplinary physics.
Introduction
he use of high-fidelity analysis and design tools such as CFD early in the product development cycle of rocket engines is increasingly becoming more common as one way to alleviate testing costs and to develop these devices better, faster and cheaper. In the design of advanced propulsion systems, CFD plays a major role in defining the required performance over the entire flight regime, as well as in testing the sensitivity of the design to the different modes of operation. Thus, increased emphasis is being placed on developing and applying CFD models to simulate the flow field environments and performance of advanced propulsion systems. This necessitates the development of next generation computational tools which can be used effectively and reliably in a design environment by non-CFD specialists. The goal of the present work is to develop a computational tool capable of unsteady turbulent combustion using state-of-the-art flamelet methodology.
The computational tool used as the basis for the present work is called Loci-STREAM [1] . It integrates proven numerical methods for generalized grids and state-of-the-art physical models in a novel rule-based programming framework called Loci [2] which allows: (a) seamless integration of multidisciplinary physics in a unified manner, and (b) automatic handling of massively parallel computing. An immediate application of interest is simulation of unsteady reacting flows in rocket combustion systems.
The framework for application development called Loci [2] is designed to reduce the complexity of assembling large-scale finite-volume applications as well as the integration of multiple applications in a multidisciplinary environment. Unlike traditional procedural programming systems (C, FORTRAN) in which one writes code with subroutines, or object-oriented systems (C++, Java) in which objects are the major program components, Loci uses a rule-based framework for application design. Users of Loci write applications using a collection of "rules" and provide an implementation for each of the rules in the form of a C++ class. In addition, the user must create a database of "facts" which describe the particular knowns of the problem, such as boundary conditions. Once the rules and facts are provided, a query is made to have the system construct a solution. One of the interesting features of Loci is its ability to automatically determine the scheduling of events of the program to produce the answer to the desired query, as well as to test the consistency of the input to determine whether a solution is possible given the specified information. The other major advantage of Loci to the application developer is its automatic handling of domain decomposition and distribution of the problem to multiple processors * Senior Scientist, Streamline Numerics, Member AIAA.
Conserved scalars are quantities that are unchanged by the chemical reactions. A normalized conserved scalar called the mixture fraction (Z) can then be defined such that it takes the value of 0 in the oxidizer stream and 1 in the fuel stream. Figure 1 shows the generic response of the heat release by a one-dimensional laminar diffusion flame in the form of the so-called S-shaped curve. The left plot in Figure 1 shows the heat release versus the Damkohler number whereas the right plot shows the corresponding variation of stoichiometric temperature with the stoichiometric scalar dissipation rate. Note that the stoichiometric scalar dissipation rate is related to the Damkohler number. The upper branch of the S-shaped curve represents the combusting regime. Starting from the upper branch, if the diffusion time scale is decreased (e.g. by increasing flow rates), the reduces and the heat generated by reactions are diffused from the reaction zone faster until reactions cannot keep up and the quenching limit is reached. After quenching, a regime of pure mixing without combustion, represented by the lower branch of the curve, is attained. Starting from the lower branch however, when the is increased the same path is not followed. Instead, the pure mixing regime exists until the ignition is reached. After ignition, a rapid transition to the upper branch follows. Referring to Figure 1 , if the chemistry were assumed to be infinitely fast in the analysis of such a flame, flame stretching would not be captured. The infinitely fast chemistry approach corresponds to the dashed line in Figure 1 . In this approach, the flame is completely described with the knowledge of mixing and hence the mixture fraction variable distribution.
On the other hand, if the flame is described by the mixture fraction variable and the scalar dissipation rate, finite-rate chemistry effects are recovered. However, whether the flame is extinct or ignited, corresponding to the lower or the upper branches of the solid curve in Figure 1 (left), depends on the path followed as discussed above. A third quantity is then needed to fully determine the regime. This quantity, called the progress variable, will be discussed later in the context of extensions to the basic flamelet model.
Flamelet models are based on the view of a turbulent diffusion flame as an ensemble of stretched laminar flamelets (see Figure 2 ). Inherent to this view is the assumption of a thin reaction zone which is thinner than the scale of a Kolmogorov eddy. The effect of turbulence is therefore limited to the deformation and stretching of the flame sheet but does not penetrate the reaction zone. Flamelets are then thin laminar reactive diffusive layers embedded in an otherwise non-reacting turbulent flow field. The local reactive-diffusive balance in flamelets are viewed as similar to that of a laminar flame with the same and .
Flamelet equations can be derived via a Crocco-type coordinate transformation of the species mass fraction and energy equations. The original coordinate system is selected such that the 2 and 3 are locally aligned to the flame surface which is determined by the stoichiometric mixture fraction, = . Then 1 , which is normal to the stoichiometric surface, is replaced by . The transformation, as illustrated in Figure 2 , can be represented as:
(1) where = , = 1 , 2 = 2 and 3 = 3 . Thus, species and energy equations can be transformed in the mixture fraction space to yield:
In Eqs. (7) and (8), the scalar dissipation rate appears as an external parameter. Pitsch et al. considered a semi-infinite mixing layer to obtain the following analytical expression:
In space propulsion systems, fuel conversion and chemical reactions occur on time scales that are typically significantly shorter compared to the characteristic kinematic scales that are associated with the turbulence and hydrodynamics. In these large-Damkohler number flows, all thermochemical quantities are in steady state. As a consequence, transient effects in Eqs. (2) and (3) become negligible, so that the species and temperature distribution can accurately be presented by the solution of the steady flamelet equations. In this context, it is important to point out that, although transient effects in the flamelet equations are neglected, the dynamics of the combustion processes and the interaction between turbulence and reaction chemistry is fully accounted for; the only limitation that arises (2) and (3)) can be parameterized by only . Then the solution to those equations takes the functional form: , = ( , ) (5) Using a specified reaction mechanism, Eq. (5) can be tabulated into a library (table) as a preprocessing step for turbulent combustion computations. To obtain the mean properties, the flamelet results are convoluted with a joint PDF, as follows:
Assuming that the mixture fraction and the scalar dissipation are uncorrelated, we have
The PDFs are constructed so as to reproduce ̃, ′′ 2 and ̃. As a result, the mean composition of the mixture can be obtained with the knowledge of these three quantities. Flamelet equations can be pre-solved for a number of and values and the results can be integrated through the PDF's constructed for a range of ̃, ′′ 2 and ̃ values, enabling a tabulation which can be represented as
This is referred to as the Steady Flamelet Model (SFM).
A major limitation of the steady flamelet model (SFM) arises from the parameterization of the thermochemical quantities, in which mixture fraction Z and scalar dissipation rate  Z,st are used. In particular, this parameterization of the entire flamelet solution space is not unique and results in multiple solutions for  Z,i   Z,st   Z,q where "i" represents auto-ignition and "q" represents flame quenching or extinction (see Figure 3a) . This can be seen in Figure 3 (b) which shows that three flamelet solutions (temperature profiles) are possible -corresponding to the three branches of the Sshaped curve -for the same scalar dissipation rate of  Z,st =1 s -1 (given by the location of the dashed vertical line in Figure 3a ). In the SFM approach, in order to obtain a unique solution, the upper (burning) branch is always picked, thus excluding any possibility of unsteady effects such as auto-ignition or local flame quenching. To overcome this limitation, a flamelet/progress variable (FPV) formulation has been developed ( [4, 5] ). In this model, a reaction progress variable C has been introduced as a parameter, which replaces the scalar dissipation rate. This model, labelled American Institute of Aeronautics and Astronautics 5 the FPVC model, has previously been implemented in Loci-STREAM [6, 7] . The progress variable is defined using a linear combination of reaction product species, which allows a unique identification of each single flamelet along the entire S-shape curve. This effectively means that, compared to the SFM model, the FPV model employs a horizontal projection onto the S-shaped curve, as shown in Figure 4 , so that a unique flamelet solution is always obtained along the S-shaped curve.
III. Compressible Flamelet Model
The Loci-STREAM flow solver is based on the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm [8] . It uses a control volume approach with a collocated arrangement for the velocity components and the scalar variables like pressure. Pressure-velocity decoupling is prevented by employing the momentum interpolation approach [9] ; this involves adding a fourth-order pressure dissipation term while estimating the mass flux at the control volume interfaces. The velocity components are computed from the respective momentum equations. The velocity and the pressure fields are corrected using a pressure correction ( p ) equation. The correction procedure leads to a continuity-satisfying velocity field. The whole process is repeated until the desired convergence is reached. DetachedEddy Simulation (DES) [10] is employed for turbulent flow simulations. In this work, an extension to the flamelet model in Loci-STREAM [6, 7] is proposed to account for the pressure variations in rocket combustors.
A new flamelet modeling approach (labelled the FPVCC model) has been formulated to account for variations due to compressibility, while maintaining roughly the same computational efficiency as the current flamelet model (FPVC) in Loci-STREAM. A characteristic property of compressible flow is the coupling between velocity, density, pressure and temperature. Additionally, the current FPVC model does not allow for a variation of thermodynamic and transport properties at constant Z and C which would occur in regions such as fuel and oxidizer manifolds due to flow compressibility rather than reactions. In the current flamelet model in Loci-STREAM, the temperature is obtained through the flamelet library. However, in regions upstream of the combustion chamber (in the fuel manifolds), the strong coupling between velocity and temperature cannot be taken into account without ad hoc modifications to this model. In the new approach (FPVCC model), only the species mass fractions will be used from the flamelet library and the local mean temperature is calculated from the solution of the enthalpy transport equation.
Model Formulation in Loci-STREAM
The Favre-averaged Navier-Stokes equations of mass continuity, momentum, energy and species transport are: 
The enthalpy transport equation in the presence of multiple species is written as
However, in the new flamelet model (FPVCC), the energy equation is implemented as a transport equation for temperature in Loci-STREAM as discussed below.
Temperature Equation
The temperature equation can be written as:
Neglecting pressure and viscous terms for now:
Dividing by p C :
Favre-averaging implies the following
where  is the instantaneous value,  is the mean Favre-averaged (density-weighted) value, and,  is the variation from the mean. This implies the following (where the bar denotes time-averaging):
Time-averaging Eq.(14):
Use Favre-averages in this equation:
Thus, the temperature equation can be written as:
Using the time-averaged continuity equation: 
Thus, the final form of the time-averaged temperature equation before any modelling assumptions are made, is the following:
For RANS/DES modeling, Term (B) is modelled using the classical gradient hypothesis: 
Heat release source term:
Note that any Favre-averaged thermochemical quantities (which not being solved via a transport equation in the flow solver) is obtained by the assumed PDF approach. This is considered in two ways here.
In the first approach, we write:
where
Thus, in the first approach, the heat release source term is computed as 
The laminar diffusion term in Eq.(27) can be written as:
Thus, the temperature equation (27) can now be written as:
The following modeling assumption is made for the laminar heat conduction term: 
One approach for approximating the above is where the species mass fractions are obtained from the flamelet table and used to compute the species diffusion term in Eq.(39) in the flow solver: 
IV. Results
In this section, we present results of application of the compressible flamelet (FPVCC) model for a gas-gas (GOX/GH2) uni-element rocket injector. The test case used to test the flamelet models is based on experiments conducted by Pal et al [11] . The experimental setup consists of a single element shear coaxial injector, a main cylindrical combustion chamber and two GOX/GH2 preburners which provide hot, oxidizer-rich and fuel-rich streams. A schematic of their experimental setup is shown in Figure 6 . The main chamber wall is instrumented with coaxial heat flux gauges which provide both temperature and heat flux profiles. Details of the experimental conditions are provided by Pal et al [11] .
Computational domain and boundary condition types for the injector geometry are shown in Figure 6 . Axisymmetric domain is modeled with a 1-degree pie-shaped grid (circumferential dimension is exaggerated in Figure 6 for clarity). An extrapolated boundary condition is used at the supersonic exit, so the chamber pressure is not imposed but extrapolated from the solution.
First, the simulation was conducted on a grid consisting of 175,000 cells (labelled the coarse grid). Figures 7 and 8 show the temperature field for a RANS simulation using different models for the heat release term and the species diffusion term in the temperature equation. For the RANS simulations, the first-order backward time-differencing scheme (BDF) and the second-order upwind spatial scheme (SOU) are employed. A timestep size of 1e-6 is used to march to steady state. Figure 7 shows the results of variation of the species diffusion model (SY1 or SY2) keeping the heat release model fixed (ST1). Figure 8 shows the results of variation of the heat release model (ST1 or ST2) keeping the species diffusion model (fixed (SY2). Based on the maximum temperature observed in the flow field, it is concluded that the ST1-SY2 combination is the best approach and is adopted hereafter for all subsequent computations. Figure 9 shows the evolution of the temperature field using DES with a timestep size of 1e-7. The DES model is turned on from the steady state solution obtained by the RANS model. For the DES computations, the second-order backward time-differencing scheme (BDF2) and the second-order upwind spatial scheme (SOU) are employed. The convergence of the discretized equations was determined to be very good since the residuals of the equations during the iterations per time step dropped by approximately 5, 6 and 4.5 order of magnitude for the momentum equation, pressure correction equation, and the temperature equation, respectively. The temperature fields in Figure 9 illustrate that the present FPVCC model is adequately able to simulate this injector problem in the unsteady mode with a timestep size of 1e-7. 
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